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A strategy for the identification of the site occupancy and glycoform heterogeneity, including 
sialylation occurring at specific sites of N-linked giycopcoteins is presented using the 
asparagine-linked glycosylation on bovine fetuin for illustration. This is achieved by micco- 
bore high-performance liquid chromatography/electrospray ionization mass analysis 
(LC/ESIMS) of the tryptic glycopeptide mixtures with an acetonitrile-based mobile phase 
followed by sequential steps of residue (and linkage) specific glycoform degradation and 
LC/ESlMS analysis at each stage. In addition, chromatographic separation of the site-specific 
glycoforms of tryptic glycopeptides is accomplished by the use of an alternative, mass 
spectrometrically compatible mobile phase-water/ethanol/pcopanol/formic acid. By em- 
ploying this nontraditional mobile phase for charactecizing the complete tryptic digest, and 
using highly specific exoglycosidases in combination with LC/ESIMS analysis, a previously 
uncharacterized carbohydrate (a disialo biantennary complex oligosaccharide) was identified 
as a novel structure at Asn ” of bovine fetuin. (J Am Sot Mass Spectrom 1994, 5, 350-358) 
T 
he chacacterization of the gross covalent struc- 
ture of glycoproteins has been cevolutionized 
with the advent of capillary and microbore high- 
performance liquid chromatography (HPLC) combined 
with electcospray ionization mass spectcometry 
(LC/ESIMS). Using a combination of proteolytic enzy- 
matic digestion and separation of the digest mixture 
by HPLC coupled directly with electrospray mass 
spectrometry, a glycoprotein mass map can be ob- 
tained consisting of both peptides and N- and O-lin- 
ked glycopeptides [l-4], and the nature and extent of 
site heterogeneity, including sialylation, of intact na- 
tive glycopeptides may also be investigated [3-51. The 
location of those components bearing glycosylation in 
such digests is usually difficult because of inadequate 
chromatogcaphic resolution [l, 6]. However, as re- 
cently reported by Carr et al., collisional activation of 
electrospray generated ions (either in the source or 
within the second quadrupole of a triple quadcupole 
mass analyzer) induces dissociation reactions preferen- 
tially within the carbohydrate moieties themselves, 
forming fragment ions specific to the oligosaccharide 
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Spectrometry 
structures attached to the peptide backbone [3, 5, 71. 
Hence, monitoring of these particular lower mass car- 
bohydrate ions throughout the chromatogram permits 
detection of glycosylated species and of course, mea- 
surement of their retention times. However, because of 
the complexity of carbohydrate heterogeneity which is 
often present within and among sites in a glycopcotein, 
it is not possible in most cases to completely resolve 
the individual glycoforms using only one chromate 
graphic separation method. Depending on the degree 
of glycosylation, several glycoforms of the same amino 
acid sequence usually coelute, making interpretation 
of such mass spectra difficult. In addition, when sev- 
eral components (whether peptides and glycopeptides 
or glycopeptide glycoforms) coelute, possible problems 
with suppression and/or usable dynamic range may 
arise, especially when attempting to detect and mea- 
sure nonstoichiometric quantities of glycopeptides by 
LC/ESIMS. Reversed-phase separation of N-linked 
glycopeptides is mainly influenced by the hydrophilic- 
ity/hydcophobicity ratio of the particular peptide se- 
quence, the carbohydrate structure having only mini- 
mal effect. In the commonly used water/ acetonitrile/ 
TFA (TFA = trifluoroacetic acid) solvent system 
species of the same amino acid sequence with the 
largest carbohydrate structure (most hydrophilic) elute 
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first, as one would expect, followed by the less glyco- 
sylated components. Improved chromatographic reso- 
lution can be achieved by decreasing the flow rate, 
reducing the stationary phase particle diameter, or 
using a shallower gradient. However, variation of these 
parameters will not yield substantial changes in the 
separation of such components. An alternative, more 
effective strategy would be selection of a different 
mobile phase. 
Recently, interest has been expressed in using 
ethanol and propanol as the organic modifier during 
peptide and protein HPLC separations in lieu of ace- 
to&rile [B, 91. Originally this choice was based strictly 
on concern over unknown ramifications to human 
health of chronic low-level exposure to acetonitrile [8]. 
In addition to being nontoxic, it has been reported that 
using an aqueous ethanol/propanol/formic acid mo- 
bile phase not only provides chromatographic resolu- 
tion comparable to acetonitrile-based mobile phases, 
but also improves detection sensitivity for ESlMS rela- 
tive to the commonly used acetonitrile mixtures [9]. 
The effect of using this type of solvent system on the 
reversed-phase chromatographic separation of gly- 
copeptide glycoforms has not previously been investi- 
gated. 
In this article we report the use of an ethanol/prcF 
panel/water/formic acid solvent system for the re- 
versed-phase separation and electrospray mass spec- 
trometric detection of tryptic peptides and glycopep 
tides from bovine fetuin. Our studies presented here 
focus on a comparison of the performance of this 
mobile phase with the established acetonitrile-based 
solvent systems on separation of bovine fetuin N- 
linked glycopeptides. Usually knowing just the values 
of the molecular mass(es) determined for any given 
glycopeptide permits postulation of the class and 
branching of common known oligosaccharides which 
may be present, but clearly does not provide prima 
facie evidence of structure. Thus, it is important to 
obtain additional experimental evidence to establish 
actual corresponding structure(s). For this purpose we 
have explored the utility of using sequential, specific 
exoglycosidase digestions with concomitant LC/ESIMS 
mass measurements on residue and linkage specific 
truncated glycopeptide mixtures. The results and ef- 
fectiveness of this strategy in establishing carbohy- 
drate structures present on individual glycosylation 
sites are described. 
Experimental 
Materials 
Bovine fetuin was obtained from Gibco. TPCK(N”- 
tosyl-L-phenylalonyl chloromethane&trypsirt, N-ethyl- 
morpholine, acetic acid, and spectroscopic grade TFA 
were from Pierce. Vinylpyridine and formic acid 
were from Sigma. HPLC grade water, acetonitrile, pre 
panol, and ethanol were from Fisher Scientific. 
Neuraminidase Arthrobacter ureufuciens was from 
Boehringer Mannheim, and &galactosidase from 
Streptococcus pneumoniue was obtained from Oxford 
Glycosystems. 
Typtic Digestion 
Bovine fetuin (100 mg) was dissolved in a 4 M guani- 
dine HC1/300 mM N-ethylmorpholine acetate solution 
(pH 8.3) and was reduced with DTT (24 mg, 4 h, room 
temperature) and alkylated with vinylpyridme (48 pL, 
room temperature, overnight). The reduced and alky- 
lated bovine fetuin was dialyzed in 100 mM ammo- 
nium bicarbonate with 0.1 mM CaCl,, pH 7.8. TPCK- 
trypsin, 1% (w/w>, was added to the solution and the 
mixture was incubated at 37 “C for 1 h followed by 
addition of another trypsin aliquot. After 1.5 h the 
digestion was stopped by boiling. Prior to analysis, an 
aliquot of the digest was diluted with solvent A (see 
below) to a final concentration of 4 picomoles/HL 
from which aliquots were injected onto the HPLC 
column. Protein concentration data were obtained by 
amino acid analysis. 
Exoglycosiduse Digestions 
Sequential exoglycosidase digestions were started with 
approximately 1 nmole of the tryptic glycopeptides. 
Neuraminidase digestions were carried out in a 30 mM 
sodium acetate buffer (pH 5.0) at 37 “C, for 18-24 h. 
Aliquots of 20 mUnits (2 PL) were added at 0 and 8 h. 
&Galactosidase digestions were performed in a 30 mM 
sodium acetate buffer (pH 6.0) at 37 “C for 18-24 h. 
Aliquots of the enzyme (0.8 munits) were added to the 
digestion mixture at 0 and 8 h. 
Znstrumentation 
A dual syringe pump (Carlo Erba or Applied Biosys- 
terns) was used to deliver mobile phase at 50 pL/min. 
Microbore HPLC separations were performed on an 
Aquapore 300 Cl8 microbore column, 1.0 mm i.d. X 100 
mm (Applied Biosystems). Twenty picomole-aliquots 
of the fetuin tryptic digest were injected (Rheodyne, 
model 8125) onto the column. Column effluent was 
monitored by a variable wavelength UV detector (Ap- 
plied Biosystems) equipped with a high sensitivity 
capillary flow cell (LC Packings) at 215 nm. Separa- 
tions performed with 0.1% TFA in water as solvent A 
and 0.08% TFA in acetonitrilk as solvent B required 
postcolumn addition of 2-&ethoxyethanol/isopro- 
panol (1:l) [lo]. This was needed to create an eluant 
more conducive to electrospray ionization during the 
early part of the reversed phase gradient so that the 
hydrophilic peptide and glycopeptide mass spectro- 
metric detection would not be compromised. A sepa- 
rate syringe pump (&co) connected to a 3.1 PL dead 
volume PEEK (polyether ether ketane) mixing tee (Up- 
church Scientific), positioned after the W detector was 
used to accomplish this. After the mixing tee, a zero 
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dead volume tee was incorporated to split the column 
effluent 1:20 so that the flow rate into the mass spec- 
trometer was 3-5 pL/min, while the remaining sam- 
ple was manually collected for subsequent analyses. 
Splitting was accomplished by using an appropriate 
length of fused silica capillary tubing. When solvent A 
was 0.1% formic acid in water and solvent B was 
0.08% formic acid in ethanol/propanol(5:2), the addi- 
tion of a make-up solvent was not necessary, and 
optimal sensitivity was achieved without splitting the 
flow. The gradient for both solvent systems was started 
immediately after the sample injection from 2% B, and 
solvent B was linearly increased to 50% over 50 min. 
The microbore HPLC system was interfaced to ei- 
ther a VG Biotech/Fisons Bio-Q or Platform mass 
spectrometer equipped with an electrospray source by 
an approximately 1 meter length of fused silica capil- 
lary tubing. The selected ion monitoring (SIM) experi- 
ments and some full scan LC/ESIMS experiments em- 
ploying the acetonitrile-based solvent system were car- 
ried out on the Bio-Q mass spectrometer (Figures l-51, 
while the comparison of the two solvent systems was 
performed using the Platform electrospray instrument. 
Typical operating voltages were as follows: probe tip 
4200 V, counter electrode 550 V, and sampling orifice 
40-50 V. The source temperature was maintained at 60 
“C. The mass spectrometer was scanned in a noncon- 
tinuum mode over a range of m/z 350-2200 at 5 
set/scan. 
In the SIM experiments masses at m /z 204, 274, 
292, and 366 were monitored (rn / z span 0.5; time 
span 0.23 set; interscan time 0.02 set). Fragmentation 
Figure 1. Electrospray mass spectrum of the bovine fetuin txyp 
tic glycopeptides containing As~‘~“. This spectrum was recorded 
in an LC/ESIMS experiment from 20 pmoles of the tryptic digest, 
using water/acetonitrile/TFA as mobile phase for the chromate 
graphic separation. Three different complex carbohydrates are 
linked to A s#‘: disialo biantennary, tri-, and tetrasialo trianten- 
nary structures. The calculated molecular masses for these tryptic 
species (amino acids 127-141) are 4043.2, 4699.8, and 4991.1 Da, 
respectively. The fourth glycopeptide component of this mixture 
is peptide 126-141 bearing a trisialo triantennary oligosaccharide 
(MW = 4828.0 Da). (GN = N-Acetyl-glucosamine; M = mannose; 
G = galactasc; SA = sialic acid.) 
Figure 2. Electrospray mass spectrum of the bovine fetuin tryp- 
tic glycopeptides containing ASI?‘. This spectrum was recorded 
in an LC/ESIMS experiment from 20 pm&s of the tryptic digest, 
using water/acetonitrile/TFA as mobile phase for the chromate 
graphic separation. Four different complex carbohydrates are 
linked to Am”: disialo biantennary, di-, tri-, and tetrasialo tri- 
antennary structures. The calculated molecular masses for these 
species arc 5975.3, 6340.5, 6631.9, and 6923.3 Da, respectively. 
IGN = N-Acety-glucosamine; M = mannose; G = gala&se; SA 
= sialic acid.) 
was induced in the electrospray ionization source of 
the Bio-Q mass spectrometer by increasing the poten- 
tial of the sample cone lens to 140-200 V without 
changing any other parameters. 
Results 
Bovine fetuin has been studied extensively and is 
known to contain three N-liked glycosylation sites 
Figure 3. Electrospray mass spectrum of the neuraminidase 
treated fctuin tryptic glycopeptides containing Asn”. The spec- 
trum was recorded in an LC/ESlMS experiment, using water/ 
acetonitrile/ TFA as mobile phase for the chromatographic sepa- 
ration. After removing the sialic acids, glycopeptides with com- 
plex bi- and triantennary structures were observed. Calculated 
molecular masses for these compunents are 5392.8 and 5758.1 Da, 
respectively. (GN = N-Acetyl-glucosamine; M = mannose; G = 
galactose.) 
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Fipllre 4. Electrospray mass spechum of the pgalactosidase 
treated ask&-glycopeptides shown in Figure 3. This spectrum 
was recorded in an LC/ESIMS experiment, using water/ aceto- 
nitrile/ TFA as the mobile phase for the chromatographk separa- 
tion. The calculated molecular mass for glycopeptide 54-85 with 
a triantennary structure, and all galactose residues removed is 
5271.9 Da. The same amino acid sequence with a biantennary 
oligosaccharide, but without the terminal galactoses, should yield 
a molecular mass of 5068.6 Da. The two other components 
correspond to a glycopeptide with a hiantennary carbohydrate, 
where one of the galactose residues was not removed kalcuiated 
molecular mass is 5434.0 Da) and to an N-terminally truncated 
version of the triantennary glycopeptide (01, when the amino 
acids Arg and Pro were cleaved (calculated molecular mass is 
5018.6 Da). (GN = N-Acetyl-glucosamine; M = maltose; G = 
galactose.) 
Figure 5. Eiectrospray mass spectrum of the bovine fetin tryp 
tic glycopeptides containing A&58. This spectrum was recorded 
in an LC/ESJM!? experiment from Xl pmoles of the tryptic digest, 
using water/acetonitrile/TFA as mobile phase for the chromat* 
graphic separation. The peptide was observed nonglycosylated, 
and with complex ti- and tetrasialo hiantennary structures at 
AsII’~*. The calculated molecular masses for these species are 
3017.4, 5880.0, and 6171.3 Da, respectiveIy. (GN = N-Acetyl- 
glucosamine; M = mannose; G = gala&se; SA = sialic acid.) 
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bearing sialylated complex carbohydrates [ll-151 as 
well as several O-linked sites [ll, 16-181. This glyco- 
protein was chosen to evaluate our strategy because of 
the complexity of its glycoform heterogeneity reported 
previously in studies using primarily NMR techniques 
employing a variety of strategies in sample prepara- 
tion [12-15,191. In our experience a 20-picomole aliquot 
of the tryptic digest of bovine fetuin is sufficient to 
obtain a virtually complete molecular mass map of this 
glycoprotein, including all N- and O-linked glycosyla- 
tion sites, by microbore LC/ESIMS using an acetoni- 
trile gradient, except for the very hydrophilic tripep 
tide GYK (H-GlyTyrLys-OH), corresponding to amino 
acid residues 37-39. In addition to the expected tryptic 
peptides, other species were present in this digest 
mixture. For example, peptides corresponding to se- 
quences 338-341 and 126-141 were identified, indicat- 
ing that the enzymatic cleavage was not complete (see 
sequences in Table 1). In addition, a tryptic peptide 
was detected with a molecular mass of 1460.7 Da, and 
to our surprise, high energy collision-induced dissocia- 
tion sequence analysis revealed a variant fetuin se- 
quence 316-330 containing valine at position 324 in 
place of isoleucine (data not shown). The isoleucine- 
containing peptide predicted by the cDNA sequence 
[ll] eluted later and was estimated to be present in a 
greater amount than the valine variant, suggesting that 
the peptide containing valiie might be derived from a 
fetuin isoform. In addition, the LC/ESlMS (and SIM) 
data indicated that the alkylation of cysteine residues 
at positions 128 and 131 was not complete, since both 
S-PQ-pyridylethyl and free cysteinyl analogs were de- 
tected, representing sequence 126-141 (Table I>. 
In separate LC/ESIMS runs the chromatographic 
effluent was subjected to collisional activation, thus 
permitting the detection of those peaks containing gly- 
copeptides from observation of specific lower mass 
ions [selected ion monitoring BM)] characteristic of 
the presence of generic oligosaccharide moieties. The 
observation of ions at m / z 204, 366, 274, and 292 
indicated the presence of N-acetylhexosamine, hexo- 
syl-N-acetylhexosamine, and sialic acid moie$es, re- 
spectively, in the SIM data from the LC/ESIMS ‘run 
(data not shown). Careful comparison of the two chr* 
matograms (LC/SIM and full scan LC/ESIMS) yielded 
the retention times of glycopeptides. For example, us- 
ing SIM the first glycopeptide-containiig HPLC peak 
detected corresponded to the complete ESJMS spec- 
trum shown in Figure 1. Two A&‘-containtng gly- 
copeptides eluted in this fraction. Their glycoforms 
were identified as disialo biantennary, and tri- and 
tetrasialo triantennary complex carbohydrates, as ex- 
pected from NMR data [12, 151. The next eluting frac- 
tion contained peptide 126-141 also bearing the trisialo 
triantennary carbohydrate structure, but with two free 
cysteine residues (Table 1). 
The complete ESIMS spectrum corresponding to the 
next N-linked fraction identified by SIM is shown in 
Figure 2. This spectrum provides evidence of the na- 
ture of the different oligosaccharides attached to the 
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Table 1. Peptides and glycopeptides identified from bovine fetuin tryptic digest using acetonitde- (A) or alcohol-based 
(61 solvent svstems 
Retention Time 
(mid 
A B Sequence [Position1 
Molecular Mass 
Calculated Measured” 
19.8 8.5 
20.9 19.6 
21.5 11.8 
21.5 6.2 
21.7 16.4 
23.8 18.0 
24.0 19.1 
24.2 18.6 
25.4 17.9 
26.0 19.8 
26.6 20.5 
27.0 21.5 
27.2 20.7 
27.9 23.6 
29.1 24.0 
29.6 25.1 
29.6 26.3 
30.5 27.4 
30.9 26.9 
31.0 25.9 
31.5 28.3 
31.7 31.1 
31.8 28.8 
31.8 28.3 
31.9 27.4 
33.4 30.8 
33.5 32.4 
34.4 33.0 
34.5 34.2 
36.2 34.7 
37.3 46.5 
37.4 38.7 
37.5 38.8 
37.7 38.2 
38.5 38.4 
38.6 37.8 
38.6 37.2 
38.6 37.2 
40.7 - 41 
GSVIQKI214-2191 
YFK 1338 -3401 
LBPGR [331~3351 
HLPR [33 -361 
EWDPTK [194 -2001 
BDSSPDSAEDVRK 1114 -1261 
BDSSPDSAEDVR [114-1251 
ALGGEDVR [220-2271 
AHYDLR [289 -2941 
VWPR [50 -531 
QYGFBK 1208 ~2131 
HTLNQIDSVK [40-491 
BNLLAEK [201 -2071 
< QYGFBK I208 -2131 
QQTQHAVEGDBDIHVLK [86-1021 
< QQTQHAVEGDBDIHVLK [86-l 021 
TPIVGQPSVPGGPVR [316 -3301b 
TPIVGQPSIPGGPVR [316-3301 
IPLDPVAGYK [I -101 
YFKI [338 -3411 
KLBPDBPLLAPLNDSR [226-1411 
+Hex,HexNAc,SA, 
LBPDBPLLAPLNDSR [127~1411 
+Hex,HexNAc,SA, 
LBPDBPtlAPLNDSR [127-1411 
+Hex,HexNAc,SA, 
LBPDBPLUPLNDSR [127 -1411 
+HexSHexNAc,SA, 
HTFSGVASVESSSGEAF- 
HVGK[295-3151 
CIDGQFSVLFTK [103 -1131 
KLCPDCPLLAPLNDSR I126 -1411 
+Hex,HexNAc,SA, 
EPABDDPDTE&ULAAV- 
DYINK 111 -321 
< QDGQFSVLFTK I1 03 -1131 
IPLDPVAGYKEPABDDP- 
DTEQAALAAVDYINK [l-321 
VTBTLFQTQPVIPQPQPDGAEAEAPSAVPDA- 
AGPTPSAAGPPVASVVVGPSWAVPLPLHR 
+Hex,HexNAc,SA, [228-2881 
VTETLFQTQPVIPQPQPDGAEAEAPSAVPDA- 
AGPTPSAAGPPVASWVGPSWAVPLPLHR 
+Hex,HexNAc,SA, [228-2881 
VTBTLFQTQPVIPQPQPDGAEAEAPSAVPDA- 
AGPTPSAAGPPVASVWGPSWAVPLPLHR 
+Hex ,HexNAc,SA, [228 -2881 
VTBTLFQTQPVIPQPQPDGAEAEAPSAVPDA- 
AGPTPSAAGPPVASVWGPSWAVPLPLHR 
+Hex2HexNAc2SA, [22&2881 
RPTGEVYDIEIDTLETTBHVLDPTPLANBSVR 
+HexGHexNAcSSAg [54~851 
RPTGEVYDIEIDTLETTBHVLDPTPLANBSVR 
tHex,HexNAc,SA, [54-851 
RPTGEVYDIEIDTLETTBHVLOPTPLANBSVR 
+Hex,HexNAc,SA, [64-851 
RPTGEVYDIEIDTLETrBHVLDPTPLANBSVR 
+Hex 6 HexNAc,SA, [54 -851 
WHAVEVALATFNAESNGSYLQLVEISR 
+Hex,HexNAc,SA, [142-1691 
630.8 630.7 
456.6 456.5 
649.8 649.7 
521.6 521.6 
786.9 786.8 
1513.6 1513.7 
1385.4 1385.6 
815.9 816.0 
773.9 773.9 
556.7 556.6 
850.0 850.2 
1154.3 1154.8 
895.1 895.2 
833.1 633.1 
2026.3 2026.3 
2009.3 2009.3 
1460.7 1460.6 
1474.7 1474.8 
1072.3 1072.4 
569.7 569.7 
4828.0 
4991 .l 
4699.8 
4043.2 
2120.3 
1269.4 
4617.7 
2454.7 
1252.4 
3508.9 
4828.0 
4991.6 
4700.5 
4043.5 
2120.6 
1269.6 
4616.4 
2455.0 
1252.2 
3509.7 
8327.1 8328.7 
8035.8 8036.1 
7670.4 7670.7 
7379.2 
6923.3 
6631.9 
6340.5 
5975.3 
6171.3 
7380.1 
6924.4 
6632.4 
6642.4 
5976.0 
6172.1 
bXhwed) 
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Table 1. (continued) 
Retention Time 
(mid 
A B Sequence IPosition 
Molecular Mass 
Calculated Measureda 
40.7 - 41 WHAVEVALATFNAESNGSYLQLVEISR 
+Hex,HexNAcSSA, [142-1691 5880.0 5880.8 
41.3 39.5 WHAVEVAIATFNAESNGSYLQLVEISR 
[142 -1691 3017.4 3017.7 
45.0 41.1 AQFVPLPVSVSVEFAVA- 
ATDBIAK [I 70-1931 2568.1 2568.4 
B = S-B-4.pyridylethyl-cystelne. 
< Q = Pyroglutamic acid 
‘These molecular masses were determined from a single LC .&SIMS experiment using the acetonitrile /water /TFA mobile phase (Figure 
6a). 
bThis sequence was determmed by CID analysis. 
Sites for 0-glycosylation cannot be determined from these data. 
Retention times were determined from the ion extraction chromatograms for a characteristic ion of each component. In the 
acetonitrile-based solvent system there is an approximate two min delay between the UV and mass spectromstric detection caused by the 
addition of a make-up solvent and postcolumn split required. For the alcohol-based mobile phase this delay is only ca. 0.4 min. 
peptide sequence 54-85. Multiply protonated ion 
series are present at rn /z 997.0 and 1196.1; 1057.8 
and 1269.3; 948.7, 1106.5, l327.4, and 1659.4; 1154.7 
and 1385.7, representing disialo biantennary as well as 
di-, tri-, and tetrasialo triantennary oligosaccharides 
at Asnsl, respectively. The corresponding molecular 
weights determined for these glycopeptide glycoforms 
were 5975.0, 6341.0, 6632.9, and 6922.9 Da. 
In order to establish that these masses in fact corre- 
spond to molecular masses of the glycoforms postu- 
lated above and are not fragments of one another, the 
glycopeptide HPLC fractions were collected prepara- 
tively from 1 nmole of the tryptic digest and subjected 
to sequential exoglycosidase digestions followed by 
LC/ESlMS analysis at each stage. These experiments 
were carried out for the fraction discussed above since 
the masses shown in Figure 2 indicated the presence of 
differentially sialylated triantennary structures, as well 
as a previously undescribed (at this glycosylation site) 
disialo biantennary structure on the 54-85 sequence. 
First this fraction (Figure 2) was digested with neu- 
raminidase from Arfhrobacter ureujkiens in order to 
remove any terminal sialic acid residues. Figure 3 
shows the results of this digestion revealing two com- 
ponents with molecular masses 5392.3 and 5757.5 Da, 
correspondtig to the same amino acid sequences bear- 
ing putative asialo biantennary and asialo triantennary 
complex carbohydrate structures. In order to define 
these structures, these truncated glycopeptides were 
digested with agalactosidase from Streptococcus pneu- 
moniae, /3-N-acetyIhexosaminidase (from chicken liver), 
and ol-mannosidase (from Jack bean) [ZO]. The results 
from the second digestion step are shown in Figure 4. 
For this digestion, the b-galactosidase used was ex- 
pected to cleave only Gal/3(1,4)GlcNAc(GalNAc) link- 
ages. However, ions were detected yielding molecular 
masses 5434.7, 5272.3, 5068.9, and 5019.1 Da. The high- 
est value observed (5434.7 Da) indicates that one of the 
galactose units has not been removed from the tri- 
antennary structure. This observation is consistent with 
the linkage specificity of the enzyme, since the tet- 
rasialo structure contains Gal/3(1,3)GlcNAc linkages 
[I51 and thus, some incomplete cleavage should be 
expected. However, repeating this experiment with a 
longer incubation time and another aliquot of the same 
exoglycosidase resulted in the removal of alI galactose 
residues from these glycopeptides, indicating that in 
fact this enzyme cleaved both linkages but with a 
different reaction rate (data not shown). The compe 
nent at mass 5272.3 Da corresponds to amino acid 
sequence 54-85 + Hex,HexNAc,, indicating that three 
galactose residues have been removed from the tri- 
antennary carbohydrate structure, as expected. Mass 
5068.9 Da corresponds to the glycopeptide with a 
biantennary oligosaccharide, again with two galactose 
residues removed, as expected. The glycopeptide with 
molecular mass 5019.1 Da indicates that this p-galac- 
tosidase enzyme preparation exhibited some peptidase 
activity, since this species is the N-terminally trun- 
cated version of the major component, with the N- 
terminal amino acid residues, Arg and Pro, removed. 
Two consecutive, additional digestion steps-using 
enzymes specific for GlcNAc P(l-3,4)R, and 
Manor(l-2,3,6)Mar_yielded a species with one man- 
nose residue attached to the chitobiose core, and thus 
established the presence of both complex biantennary 
and triantennary carbohydrates at Asn*l (data not 
shown). 
Similarly, another glycopeptide-containing peak was 
identified by SIM and the corresponding full scan 
ESIMS spectrum is shown in Figure 5. This spectrum 
contains masses attributed to both the unglycosylated 
tryptic peptide 142-169 (m / z 755.5 and 1007.3, MW 
= 3018.5 Da), and those chromatographically unre- 
solved glycoforms bearing a trisialo and tetrasialo tri- 
antennary complex carbohydrate structure (ions at 
m /z 1177.2 and 1471.0, MW = 5880.4 Da; ions at 
m /z 1235.3, 1543.6, MW = 6171.4 Da, respectively). 
The tetrasialylated glycopeptide comprises at least 50% 
of the glycopeptide mixture in this fraction as evi- 
denced by relative peak height. Earlier glycopeptide 
studies carried out in this laboratory have demon- 
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strated that there was good agreement between the 
relative ion intensities representing the different glyco- 
forms and their relative distribution [4]. 
As is well known, using the acetonitrile-based mo- 
bile phase glycopeptide separation appears to be don+ 
nated by the properties of the peptide chain, and 
therefore glycopeptide glycoforms are usually not sep- 
arated. Hence, we have explored the use of an alterna- 
tive mobile phase containing an aqueous mixture of 
small organic alcohols and formic acid (water/ 
ethanol/propanol/formic acid) for separation of the 
glycoprotein digest. The UV absorbance chro- 
matograms observed for both mobile phases are shown 
in Figure 6. The upper panel illustrates the separation 
using the acetonitrile-based solvent system. The lower 
panel shows the altered elution profile of the compo- 
nents using the water/ethanol/propanol/formic acid 
mobile phase. The retention times for the components 
in the two different solvent systems were determined 
by ESIMS detection and are presented in Table 1. For 
example, glycoforms of glycopeptide 127-141 coeluted 
in the water/acetonitrile system (Figure 6a). However, 
these glycoforms are clearly separated in the alcohol- 
based mobile phase. Thus, the glycopeptide species 
bearing a disialo biantennary oligosaccharide eluted 
first (at - 27.9 min, Figure 6b), followed by the gly- 
copeptide with the trisialo triantennary structure (- 
28.4 min, Figure 6b), and finally the tetrasialylated 
species at - 30.7 mm (Figure 6b). Similar separation 
of the different glycoforms was observed for the gly- 
copeptide series containing Asns’ as well (Figure 6b). 
The glycopeptide species 54485 with the disialo 
biantennary carbohydrate structure eluted first, and it 
was also separated from the major glycoform with the 
trisialo triantennary carbohydrate structure (Figure 7). 
Finally, glycopeptides corresponding to sequence 
,,L -2 _, ,______!-. _._A.__... -_.- .,,,..- 
ethanollpropanollwaterlHCOOH 
AbwxbsnCe St 215 “137 
+ Asno 1 0.05 AUFS 
Figure 6. Hf’LC chromatograms of the tryptic digest of bovine 
fetuin comparing the two solvent systems. Panel (a) shows the 
UV absorbance chromatogram for the separation of 20 pmoles of 
the fetuin hyptic digest in water/acetonitrile/TFA mobile phase. 
Panel (b) shows the UV absorbance chromatogram of another 
aliquot of the digest separated using the ethanol/ propanol/ 
water/ formic acid system. Peaks corresponding to glycopep 
tides are lab&d. 
Figure 7. Electmspray mass spectrum of the first eluting glyco- 
furms of glycopeptide 54-85 in the alternative solvent system. 
The calculated molecular masses are 5975.3 and 6340.5 Da, re- 
spectively. For the major component multiply charged sodium- 
adduct peaks were detected (labeled with asterisks). The pres- 
ence of metal-adduct peaks can aid the charge-state determina- 
tion [23]. (GN = N-Acctyl-glucosamine; M = mannose; G = 
galactose; SA = sialic acid.) 
142-169 were not as clearly resolved, but from the 
mass chromatograms (not shown) the unglycosylated 
peptide eluted first, followed by the tri- and tetrasialy- 
lated species. The recovery of these glycopeptides 
(Asn15”) was very poor in this mobile phase, the glyco 
forms of this hydrophobic sequence eluted as wide 
peaks, and the tetrasialylated species was frequently 
not observed. 
The LC/ESIMS experiments were carried out using 
two different electrospray mass spectrometers, as re- 
ported in Insfrumentation. Our data show that a defi- 
nite shift towards lower charge states, that is, higher 
masses, was observed in both mobile phases when the 
data were obtained on the Platform mass spectrometer. 
For example, the glycopeptide 54Arg-Arg85 bearing a 
disialo biantennary oligosaccharide was represented 
by ions at m/z 977.0 (6 + ) and 1196.1 (5 + > when 
detected on the Bio-Q mass spectrometer (Figure 21, 
while ions at m /z 1196.3 (5 + > and 1495.3 (4 + > 
(Figure 7) were detected when analyzed by the other 
instrument. 
Discussion 
Bovine fetuin is a well-characterized glycoprotein con- 
sisting of 341 amino acids [ll]. Partial mass mapping 
(using fast-atom bombardment) of its tryptic digest 
has been reported [211. It contains three N-linked gly- 
cosylation sites whose carbohydrate structures and site 
heterogeneity has been studied extensively by NMR 
[12151. Similarly, sites for 0-glycosylation and at- 
tached oligosaccharides have been described [16-181. 
NMR studies on the free N-linked carbohydrates of 
bovine fetuin revealed that the tetra- or pentasialo 
oligosaccharides were related in having a GalP(1,3) 
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(Net~Ac a2,6)GlcNAc fiIlp)Man moiety D51. Further, 
NMR studies of fetuin asialo glycopeptides showed 
that approximately 20% of the oligosaccharides linked 
to A.&” exhibited this branch. For glycosylation sites 
Asn’* and As@ the proportions of this structure 
observed were 40% and 60%, respectively 1121. Based 
on these results the highest percentage of penta- and 
tetrasialo triantermary oligosaccharides can be ex- 
pected for Asn15*, followed by AmIss, while glycopep- 
tides containing Asn *i should exhibit mostly trisialo 
triantennary carbohydrates. 
The most comprehensive LC/ESIMS study on 
bovine fetuin glycopeptides has been carried out by 
S. A. Carr et al. [3]. In this work fetuin (from Sigma) 
and asialo fetuin were studied by digestion with a 
mixture of trypsin and endoprotease Asp-N. This en- 
zyme combination yields glycopeptides significantly 
smaller than those generated by solely using trypsin. 
Thus, the masses occur in regions of the mass scale 
where sensitivity of quadrupole instruments is optimal 
because the absolute sensitivity of quadrupole filters 
decreases with increasing mass, especially above 1000 
Da. Glycopeptides containing trisialo triantennary 
complex carbohydrates were observed for Asns’ and 
Asniss. However, only asialo glycopeptides were de- 
tected for glycopeptides containing Asn15*, and the 
penta- and tetrasialo structures expected based on the 
NMR studies were not observed for nny of the glyco- 
sylation sites. It is interesting that disialo biantennary 
structures were detected for both Asn” and Asr?, 
since a disialo-biantennary structure has not been de- 
scribed previously at Asn’l. It was noted in this work 
that additional studies would be necessary to establish 
this novel structure at As@ because this species was 
detected during “orifice stepping” used to induce car- 
bohydrate fragmentation, thus observation of a smaller 
mass signal could have been due to fragmentation 
processes [3]. 
In the present study using the water/acetonitrile/ 
TFA mobile phase, all the major sialylated tryptic 
glycopeptides were detected. The relative amounts of 
tetra- and trisialo compounds recorded in these experi- 
ments were consistent with the results reported based 
upon NMR data [12, 151. For example, among the 
Asn15’ glycopeptides, the tetrasialylated species was 
detected as the major component (Figure 5). In addi- 
tion, this particular sequence was detected unglycosy- 
lated as well, implying that glycopeptides representing 
this amino acid region are present at lower concentra- 
tions than their counterparts for Asnsl and Asnlss, 
which were found to be completely glycosylated in our 
studies. This may explain why no sialylated glycopep 
tides were observed by Carr et al. for Asnl”. Pen- 
tasialo carbohydrate structures were not observed in 
our experiments. Based upon studies of the N-linked 
carbohydrates of commercially available fetuin sam- 
ples using high pH anion exchange chromatography 
the pentasialo triantennary oligosaccharides represent 
only N 1% of the total N-linked structures in Gibco 
preparations [22]. This level of pentasialo glycopep- 
tides would most likely be below our detection limit. 
Sequential digestion by residue and linkage specific 
exoglycosidases followed by LC/ESlMS analysis offers 
a sensitive tool for more complete small scale gly- 
copeptide glycoform characterization. Using this 
method, the number of different glycoforms for each 
glycopeptide can be identified, the order and identity 
of the specific carbohydrate units comprising the 
oligosaccharides can be determined, and in some cases 
the position and stereochemistry of their linkage can 
be determined as well. The existence of a disialo 
biantennary oligosaccharide at Asn” in bovine fetuin 
was established clearly in this manner. Additional 
proof was provided by LC/ESIMS analysis of the same 
tryptic digest using a different solvent system, which 
provided separation of some glycoforms, demonstrat- 
ing independently that this lower molecular weight 
glycopeptide was indeed a real component of the mix- 
ture and not a product of induced fragmentation. We 
have observed that the water/propanol/ethanol/for- 
mic acid solvent system significantly altered the elu- 
tion order of the peptides and glycopeptides. In fact, to 
our surprise we found that the glycoforms of the 
glycopeptides eluted in reverse order and were chro- 
matographically resolved. Experiments to ascertain 
whether lowering the hydrophobicity of glycopeptide 
142-169 by enzymatic truncation would shorten its 
retention time and improve the glycoform separation 
are in progress. 
In summary, the ethanol/propanol/water/formic 
acid mobile phase offers a simple alternative for 
LC/ESIMS analyses because of its compatibility with 
both the chromatographic separation of peptides and 
electrospray ionization. In addition, no other reversed- 
phase HPLC methods have been reported for separa- 
tion of glycopeptide glycoforms. The reasons for the 
reverse elution order and separation of glycoforms in 
this solvent system are not yet understood. Neverthe- 
less, this method may become a valuable tool for 
unravelmg the complexity of glycoform heterogeneity. 
Similarly, this mobile phase can be used for the analy- 
sis of complicated protein digests. As demonstrated, 
this alternative solvent system may yield a better sepa- 
ration for components which coelute in the water/ 
acetonitrile/ TEA solvent system. This better chro- 
matographic resolution can lead to improved mass 
spectrometric detection sensitivity for components 
which are “handicapped,” either because of their size 
(glycopeptides, peptides of large molecular weights, 
e.g., > 4000 Da) or because they are present in less 
than stoichiometric quantities such as posttranslation- 
ally or xenobiotically modified peptides. 
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